Abstract Fecal coliform bacteria are used as indicator organisms for the presence of pathogens. In sludges, it has often been assumed that the counts of fecal coliforms after digestion (where the sludges may also be called biosolids) are representative of the counts when the sludge is disposed or recycled, such as by land application. The possibility has been raised, however, that dewatering processes can lead to increased counts of fecal coliforms and, by inference, human pathogens. This paper presents data from previous studies of this possibility; the results were inconsistent but showed observable increases in fecal coliforms at one treatment plant. Additional studies were then performed at another treatment facility, which showed statistically significant increases in fecal coliform counts after dewatering and two days of aging. The increases exceeded two orders of magnitude and included two centrifuge types and two biosolids types. Artifacts of media type and enumeration method have been excluded, and shearing of the material by commercial blender did not produce the same effects.
Introduction
It has typically been assumed that dewatering processes have no effect on pathogen counts if they are normalized to a dry solids basis. If anything, it might be expected that these processes would lead to decreases in pathogen numbers, since substantially higher solids levels retard or prevent fecal growth (e.g. Yaeger and Ward, 1981; Gibbs et al., 1996) . However, reports from some wastewater treatment agencies have suggested that pathogen densities actually increase during the dewatering of anaerobically digested solids using high solids centrifuges. If verified, the implications would be considerable, because many stabilization criteria have been established based on pathogen enumeration after digestion, not accounting for this possible reactivation or regrowth.
Previous plant observations
Sampling and pathogen enumerations have been completed at several treatment works that provide information on the possibility of pathogen regrowth. These plants are all sizeable facilities located in the US. Data have been reported elsewhere from one of these locations (Erdal et al., 2003) , but none of the sites are specifically identified here. All use centrifugation for dewatering of anaerobically digested, polymer-conditioned biosolids.
One of the installations, Plant 1, had three methods of mechanical dewatering available (Figure 1 ). Fecal coliforms were enumerated by the membrane filtration method directly after sampling and after one day of aging at room temperature. Although no statistical evaluations were performed, a qualitative comparison suggests that the fecal coliform numbers did not increase significantly when the biosolids were not dewatered but were allowed to age. The fecal coliform MPNs (most probable numbers) after dewatering by belt filter press dewatering were approximately the same with the fresh sample, but increased to a small extent after one day of aging (note that these MPN values have been normalized to solids mass, so there should be no effects from the simple concentrating of solids in dewatering). However, the centrifugal dewatering processes at this plant appear to have increased the MPNs in fresh samples and, more significantly, the numbers increased by over an order of magnitude when allowed to age for a day.
At Plant 2 (Figure 2 ), samples were taken before and after centrifugation only, with cake solids averaging 25%. Samples were taken on eight different days over a one-month period. The samples aged for an average of two hours prior to enumeration. At this plant, the MPN increased on seven of the eight days. However, only three of these increases (days 1, 2 ,and Results from treatment facility 2. Confidence intervals shown are at the 95% level 6) were statistically significant at the 95% confidence level. The cake solids on these days were in the range 23.9 to 26.9% TS with a mean of 24.9%.
The experiment performed at Plant 3 was similar to that at Plant 2. As shown in Figure 3 , however, fecal coliform MPNs were generally lower after centrifugation, although none of the apparent decreases were statistically significant. The cake solids generated on these days ranged from 21.6 to 29.5% TS (mean 26.6%). There was no trend in the MPN changes relative to either cake %TS or aging time at Plant 2 or 3.
Thus, the MPN changes with dewatering only appeared significant at Plant 1. This was the only data that included a 24 hour aging time, however, and the data from this plant showed the additional time to be a significant factor.
A number of hypotheses may explain the regrowth phenomenon indicated at Plant 1. Factors that might contribute to the fecal coliform increases might include (1) differences or artifacts in enumeration methods, (2) interference of Bacillus spp. on apparent coliform counts, (3) temperature and shearing effects during centrifugation, and (4) impacts of polymer addition. The objective of this research was to identify or eliminate some of these possibilities.
Procedures
Samples. Digested biosolids and the low and high solids cakes resulting from dewatering were obtained from Philadelphia's Biosolids Recycling Center (BRC) (this is not one of the sites described above). The Northeast and Southwest samples represent difference sources of wastewater solids which are handled at the BRC. All samples were held at 0°C during transit to the University of Delaware laboratory. Transit time was less than two hours. Storage was at 0°C unless otherwise stated for experimental purposes (Haas et al., 1999) .
Lab analyses. Fecal coliform enumeration was carried out using EPA procedure 1680 (US EPA, 1999). 
was also confirmed in each case, using a likelihood ratio test (Haas et al., 1999) .
Results
Plant sampling. The possibility of regrowth was investigated at a fourth treatment works since the previous research was considered inconclusive. The facility also dewaters anaerobically digested biosolids, and uses both conventional ("low solids") and newer high solids centrifuges. In addition, biosolids are dewatered that come from two different treatment facilities in the same municipality.
In this study fecal coliform density was determined after storage at 4°C for 4 days. As shown in Figure 4 , differences in coliform numbers were observed for samples obtained before dewatering (digested biosolids) and after dewatering (low and high solids cakes) with higher coliform numbers in the dewatered samples. This was true for the biosolids from both sources, with counts increasing by over one order of magnitude. The numbers obtained were well over the 2 × 10 6 /g considered as an exceedance in the US. Statistical analyses substantiated the differences apparent on the graph to be significant at the 95% confidence level. However, contrary to the results shown in Figure 1 , these data showed no significant difference between fecal coliform numbers in cake from the low solids and high solids centrifuges. Nonetheless, the findings did confirm, with two additional biosolids types and dewatering devices, that statistically valid count increases were occurring.
Similar tests have confirmed regrowth by incubation at 37°C for 24 hours. Subsequent samplings from the same site have also shown statistically significant regrowth. These tests (results not shown) have included enumerations immediately on collection to demonstrate that most regrowth occurs after dewatering rather than during the process. Of course, increases in fecal coliform numbers in the short period of centrifugation would not be due to "regrowth" in any case, but due to some other effect as discussed below.
The consistent findings at this fourth plant, combined with previous results at Plant 1, confirm that fecal coliform counts can increase by significant amounts following dewatering. The differing results at Plant 2 and Plant 3 may be due to the short time period between Results from treatment facility 4. Samples were stored at 0°C for four days prior to enumeration. Confidence intervals shown are at the 95% level sampling and enumeration, since most count increases seen at the other plants followed a longer period of aging. The apparent correlation of count increases with intensity of dewatering (i.e. low solids vs. high solids centrifuges) was not confirmed at Plant 4 in this or subsequent tests. It should be noted that the dewatered biosolids from this fourth plant are not land applied directly but are stabilized by composting. The composting process consistently gives pathogen counts well below limits for land application in the US. However, the regrowth shown with the two biosolids that are processed at this location suggests reason for concern at other locations that may not include extensive stabilization processing after dewatering.
Initial mechanistic studies. The possibility of artifacts from enumeration methods was first ruled out. We adopted and compared the A-1 and LTB/EC enumeration procedures for the detection and enumeration of fecal coliform bacteria, following the EPA Method 1680. MPN results (as exemplified in Table 1 ) indicated that A-1 and LTB/EC were similar. The presence of Bacillus spp. did not interfere with either enumeration procedure (results not shown).
Shearing effects. Intensive shearing may be responsible for the increase in numbers observed by some plants. Bacteria are present in aggregates in the biosolids, so breakup or dispersal of the aggregates would result in an apparent increase in bacterial densities. In this case, the "regrowth" would be an artifact since the physical dispersal would not increase the actual population of fecal coliform organisms.
To test this possibility, digested biosolids samples were obtained from the Wilmington, Delaware Wastewater Treatment Plant. Blending was done using a kitchen blender at maximum speed for 3 minutes at room temperature (25°C). The blended and unblended samples were enumerated and observed using fluorescence microscopy.
Microscopy confirmed that smaller flocs predominated in the blended samples. However, the shearing effect of blending had no impact on coliform enumeration using either A-1 or LTB/EC media. This agrees with findings of Olivieri and Serai (1988) , who reported no effect with mixing or blending of digested biosolids, and no statistically significant increases with raw wastewater, primary solids, trickling filter humus, or waste activated sludge. However, blending is unlikely to simulate all conditions existing in a dewatering centrifuge, so further research is called for to identify the physical, chemical, 
